Aggregation of Tau into amyloid-like fibrils is a key process in neurodegenerative diseases such as Alzheimer. To understand how natively disordered Tau stabilizes conformations that favor pathological aggregation, we applied singlemolecule force spectroscopy. Intramolecular interactions that fold polypeptide stretches of ~19 aa and ~42 aa in the functionally important repeat domain of full-length human Tau (hTau40) support aggregation. In contrast, the unstructured N-terminus randomly folds long polypeptide stretches >100 aa that prevent aggregation.
Aggregation of Tau into amyloid-like fibrils is a key process in neurodegenerative diseases such as Alzheimer. To understand how natively disordered Tau stabilizes conformations that favor pathological aggregation, we applied singlemolecule force spectroscopy. Intramolecular interactions that fold polypeptide stretches of ~19 aa and ~42 aa in the functionally important repeat domain of full-length human Tau (hTau40) support aggregation. In contrast, the unstructured N-terminus randomly folds long polypeptide stretches >100 aa that prevent aggregation.
The pro-aggregant mutant hTau40ΔK280 observed in frontotemporal dementia favored the folding of short polypeptide stretches and suppressed the folding of long ones. This trend was reversed in the anti-aggregant mutant hTau40ΔK280/PP. The aggregation inducer heparin introduced strong interactions in hTau40 and hTau40ΔK280 that stabilized aggregation-prone conformations. We show that the conformation and aggregation of Tau are regulated through a complex balance of different intra-and intermolecular interactions.
Amyloid forming proteins such as α-synuclein, the prion protein (1) and Tau (2) contain unstructured domains or belong to the family of natively unfolded or intrinsically disordered proteins (IDPs) # (3) . The aggregation of Tau into amyloidlike fibers, known as paired helical filaments (4, 5) , is a key process in human protein aggregation diseases that are summarized as tauopathies. In vivo, Tau binds and stabilizes microtubules (MTs) to regulate the cellular MT network. The dissociation of Tau from MTs is controlled by the phosphorylation of Tau at multiple sites (6, 7) . The longest human Tau isoform, hTau40 (441 amino acids (aa)), contains a ~250 aa long N-terminus of unknown function, whereas the C-terminus comprises the Tau repeat domain, which encompasses four ~31 aa long semi-conserved repeats (R1 to R4) flanked by proline-rich stretches (Fig. 1A) . Both, binding to MTs and fibril assembly are mediated through the Tau repeat domain (8, 9) .
As most IDPs, Tau shows a high content of charged aa residues and a low hydrophobicity, which result in an extended solution conformation with a large radius of gyration (10) . In solution, Tau has no stable secondary and tertiary structure, as judged by CD and Fourier transform infrared spectroscopy (10) . The Stokes radius of Tau increases upon chemical denaturation with urea or guanidine hydrochloride (11, 12) indicating some limited folding. NMR experiments revealed transient secondary structures in hTau40 that partially interact with other polypeptide regions (13) . Two hexapeptide motifs, PHF6* in R2 and PHF6 in R3, can adopt β-strand conformation and are predominantly responsible for Tau aggregation into fibrils (9, 14) . Using Förster resonance energy transfer (11) , the transient "paper clip"-like folding of the C-and N-termini onto the repeat domain was detected in hTau40. After removing the N-and Cterminal domains, the Tau repeat domain exhibits faster aggregation than full-length Tau (15) . This suggests an inhibitory effect of the Tau termini on aggregation. It remains to be determined, which intra-and intermolecular interactions maintain the soluble state of Tau or promote the aggregation of Tau into fibers.
Tau aggregation can be triggered in different ways. In Alzheimer disease, hyperphosphorylated wild-type Tau accumulates in neurofibrillar tangles (16) . In frontotemporal dementia, point mutations in the Tau gene lead to malfunction and high aggregation propensity of Tau (17, 18) . For example, the "pro-aggregant" deletion mutation ΔK280 triggers pre-tangle aggregation of Tau in mice (19) and leads to spontaneous aggregation of purified Tau (20) . In vitro, aggregation of soluble Tau can be triggered by polyanions like heparin, arachidonic acid micelles, acidic peptides, and RNA (21) (22) (23) . It is thought that these polyanions compensate positive charges of Tau that normally prevent aggregation. Furthermore, Tau fibril assembly is attenuated by a disulfide bridge between Cys 291 and Cys 322 in the repeat domain (24) and at high ionic strengths (25, 26) . This suggests that a complex interplay of interactions guides both fibril formation and fibril growth. In spite of the overall hydrophilic nature of Tau, hydrophobic interactions are essential for the integrity of the amyloid-like fibril core (25, 27 ) that consists of stacked β-strands in the Tau repeat domain. Regardless of the origin of aggregation, Tau fibrils show similar morphologies in electron microscopy (EM) (4, 28) and atomic force microscopy (AFM) (29, 30) .
We applied AFM-based single-molecule force spectroscopy (SMFS) to quantify the intramolecular interactions and the unfolding energy landscape of non-aggregated human Tau. Interactions folding polypeptide stretches of ~19 aa and ~42 aa were detected frequently in the repeat domain of hTau40. Diverse interactions randomly folding long polypeptide stretches >100 aa indicated irregular conformations of the terminal ends. The proaggregant mutant hTau40ΔK280 stabilized the folding of short polypeptide stretches, while the anti-aggregant mutant hTau40ΔK280/PP increased the folding of longer polypeptide stretches. Similarly, buffer conditions attenuating Tau aggregation increased interactions that folded polypeptide stretches >100 aa. Thus, Tau aggregation seems to be supported by specific interactions in the repeat domain and inhibited by irregular interactions of the protein termini. In both hTau40 and hTau40ΔK280, heparin strongly increased the number and strength of interactions. These results support a model in which heparininduced electrostatic interactions stabilize conformations of Tau that are prone for aggregation. Our results provide insights into competing interactions that prevent or promote Tau folding and aggregation.
Experimental procedures
Chemicals and proteins-Heparin (average MW of 9 kDa), GdnHCl, aminopropyl-triethoxy-silane (APTES) and DTT were purchased from Sigma. Full-length human Tau isoforms hTau40, hTauΔK280, and hTauΔK280/PP and constructs K18 and Nt40 (Fig. 1D) were expressed in E. coli and purified by heat treatment and ion exchange chromatography (Mono S, GE Healthcare) (31) . Protein purities were analyzed by SDS-PAGE, protein concentrations by absorbance at 214 nm.
(Ig27) 3 -hTau40-(Ig27) 2 (Fig. 3 , Supplemental  Fig. S2 ) was generated by cloning hTau40 into a pRSET vector encoding a fusion protein of five identical titin immunoglobulin (Ig27) domains (modified after (32)), expressed in E. coli BL21(DE3) pLysS, and purified using immobilized metal ion affinity chromatography (HisTrap column, Amersham). Purity and yield of (Ig27) 3 -hTau40-(Ig27) 2 were checked by SDS-PAGE and Western blotting using anti-His antibody (Sigma-Aldrich, Germany). Ig27 domains were internal references in force-distance (F-D) curves of (Ig27) 3 -hTau40-(Ig27) 2 . All Tau samples were stored at -80°C in PBS containing 1 mM DTT and thawed once just before usage to prevent aggregation prior to the experiments.
AFM sample immobilization for SMFS experiments-Glass cover slips (Menzel Glaeser, Germany) were piranha etched, aminofunctionalized by silanization in an APTES gasphase and baked at 80°C for 30 min. Tau samples were diluted in PBS to a final concentration of 1 µM. For adsorption, ~20 µl of the Tau solution was placed onto APTES-glass for ~60 min. Excess protein was removed by rinsing the sample with PBS.
SMFS-Tau was stretched using an AFM (Nanoscope IV, Veeco Metrology, Santa Barbara, CA) equipped with a PicoForce module and silicone nitride (Si 3 Ni 4 ) cantilevers (BL-RC150 VB, Olympus Ltd., Japan; nominal spring constants ~30 pN/nm; resonance frequencies in buffer ~8 kHz). Real cantilever spring constants were determined in solution before each experiment using the equipartition theorem (33) . Unless stated otherwise, stretching of Tau was performed in freshly prepared buffer (PBS pH 7.4, 5 mM DTT). The buffer was exchanged every 2 hours to account for evaporation and DTT degradation. Buffer with ~500 mM monovalent ions contained PBS buffer (~150 mM), 5 mM DTT, and 350 mM NaCl. Buffer of ~50 mM ion strength consisted of 10 mM Tris pH7.4, 5 mM DTT, and 50 mM NaCl. SMFS on hTau40 without DTT was performed in pure PBS solution. For experiments in presence of heparin, Tau adsorbed to amino-functionalized glass was incubated for 20 min in heparin buffer (PBS, 5 mM DTT, 0.33 mM heparin) and then stretched. For SMFS, the cantilever deflection (force) during approaching and retracting the cantilever stylus was recorded in a F-D curve. F-D curves of Tau were recorded at randomly chosen positions on the surface. The cantilever was pushed onto the glass surface with a force of ~1 nN for 0-0.5 s to allow unspecific binding of Tau to the cantilever stylus. To initiate the stretching of the attached molecule, the stylus was retracted 200-800 nm from the surface with a constant velocity. Such approach-retract cycles were repeated until a statistically significant amount of F-D curves was obtained. Dynamic SMFS (DFS) experiments were performed in buffer (PBS, 5 mM DTT) at 5 different pulling velocities (104, 249, 497, 1249, 2490 nm/s for hTau40 and hTau40ΔK280; 104, 256, 497, 1090, 2490 nm/s for hTau40ΔK280/PP). For each experiment and pulling velocity, at least three different cantilevers were used.
Selection and analysis of SMFS and DFS dataThe worm-like chain (WLC) model of elastic polymers (34) describes the force needed to elongate a polymer chain with the contour length L C . Applying this model to proteins, the polymer persistence length, l P ≈ 0.4 nm, describes the peptide bond length in the polypeptide backbone (monomer length per aa = 0.36 nm) and fits the stretching of most polypeptides by SMFS (reviewed in (35) ). Using the WLC model, a F-D curve (Fig. 1E) can be transferred into a F-L C curve (Supplemental Fig.  S1B ) by calculating L C for each data point (36) . This approach proved useful for handling the large number of F-D curves recorded for proper statistics. 1% of F-D curves could not be described by a WLC using l P of 0.4 nm and were excluded from analysis. F-D curves obtained from hTau40 adsorbed to amino-functionalized glass, plain glass, gold, and mica showed no difference excluding artifacts induced by non-specific protein-support interactions. Amino-functionalized glass provided the highest yield of F-D curves from full-length Tau and was chosen as supporting surface for the experiments.
Stretching of a non-self-interacting polymer chain results in a F-D curve, in which the force rises non-linearly with the chain extension until the "detachment peak" describes the detachment of the molecule from the support or the cantilever stylus. Sufficiently strong intramolecular interactions established in the Tau polypeptide were detected as additional force peaks in the F-D curve (or spikes in the F-L C curve (36)). A force peak quantifies the force required to rupture the interaction. The distance between two successive force peaks, ΔL i , gives the length of the polypeptide segment that becomes unfolded upon breaking the interaction (Fig. 1D) . The relative contour length, ΔL C , denotes the distance of a force peak to the detachment peak. This distance was used to classify the interactions detected in Tau.
Single Tau molecules were picked up by the cantilever stylus at random positions along their polypeptide chain. To analyze the stretching of the entire molecule, we analyzed only F-L C curves having contour lengths of 420±40 aa for hTau40 (441 aa), hTau40DK280 (440 aa), and hTau40DK280/PP (440 aa), contour lengths of 800±70 aa for the Tau fusion protein (Ig27) 3 -hTau40-(Ig27) 2 (849 aa), contour lengths of 130±20 aa for K18 (130 aa), and contour lengths of 250±30 aa for Nt40 (254 aa). To detect force peaks up to 250 pN (typical forces at which proteins unfold (37)), F-L C curves had to show detachment peaks >250 pN. To calculate density maps (Supplemental Fig. S1C ,S2B+C,S3C+F,S4C+F), F-L C curves matching both length and force criteria were manually aligned on their detachment peaks. The position of force peaks in F-L C curves was determined using a custom made procedure (IgorPro, Wavemetrics). Probabilities and most probable positions of rupture peaks were fitted by triple-(hTau40, hTau40ΔK280) and multi-Gaussian functions (hTau40ΔK280/PP) to the ΔL C distributions. Peak combinations (Supplemental Fig.  S6 and materials) in hTau40, hTau40ΔK280, and hTau40ΔK280/PP were analyzed by counting rupture peaks at ΔL C of 19±6 aa, 42±6 aa, and 73±9 aa in single F-L C curves. Combinations involving other peak distances (ΔL C ) were neglected for low statistical relevance (<2% probability). The unfolding energy barriers of interactions at ΔL C values of 19, 42, and 73 aa were determined as described (38) using the DFS data (see Supplemental Material).
RESULTS

Human Tau displays variable intramolecular interactions.
Tau molecules fold kinetically unstable β-stranded and α-helical structures in short structural regions (~20% of the polypeptide) (12) . Transient interactions of these short regions may induce the folding of both C-and N-termini onto the repeat domain (11) . To quantify the probability and strength of the interactions stabilizing the folding of Tau, we mechanically stretched single hTau40 molecules by SMFS (Fig. 1B) . PBS-buffer containing 5 mM DTT provided physiological electrolyte, pH and reducing conditions. 32% of all force-distance (F-D) curves (n=312) described the stretching of an unstructured polymer followed by its detachment from the AFM stylus or support (Fig.  1C) . The remaining 68% F-D curves detected additional force peaks at various stretching distances (Fig. 1E ). Each force peak indicated the rupture of an intramolecular interaction that stabilized the folding of a polypeptide segment of hTau40 (Fig.  1B) . Upon rupturing the interaction, this polypeptide segment was released (Fig. 1D) . Despite whether such an interaction resulted in a secondary structure or not, we used the term 'fold' to describe the polypeptide segment stabilized by a certain interaction.
We characterized each rupture peak in the F-D curves by its distance to the detachment force peak, ΔL C ( Fig. 2A , Supplemental Table S1 ). In ~15% of all hTau40 molecules, rupture peaks occurred at various ΔL C positions >100 aa (n=312;). The rupture force of these interactions was 107.6±47.4 pN (most probable±SD; n=45; pulling velocity 875 nm/s; Supplemental Table S2 ). At shorter ΔL C distances, three prominent force peaks p1, p2, and p3 were reproducibly detected at ΔL C of 19.2±4.7 aa (most probable±SD; 52%), 41.7±8.0 aa (34%), and 73.2±9.1 aa (14%), respectively. These interactions ruptured at forces of 90.8±39.8 pN (p1), 77.1±39.2 pN (p2), and 129.8±51.7 pN (p3). The length of the polypeptide segments, ΔL i , that unfolded upon breaking the interactions p1 and p2 were determined as 18.5±3.6 aa (n=269), that of interaction p3 was 25.1±1.8 aa (n=44; Supplemental Fig. S1D ,E).
To proof that these interactions did not originate from protein-surface adhesion but resembled intramolecular interactions, we stretched hTau40 attached to different supports (mica, gold and HOPG; data not shown). These control experiments revealed similar force peak patterns and probabilities as observed for hTau40 attached to amino-functionalized glass ( Fig. 2A) .
To further investigate the specificity of the detected interactions, we engineered a fusion protein of hTau40 flanked by five identical immunoglobulin 27 (Ig27) molecules, each having 89 residues, termed (Ig27) 3 -hTau40-(Ig27) 2 (Fig. 3A) . In F-D curves of this construct, both Ig27 fingerprint and hTau40 force peaks co-occurred (Fig. 3B) . The mechanical unfolding of each Ig27 resulted in a characteristic force peak of 226.5±17.8 pN (n=69, pulling velocity 1000 nm/s; Supplemental Fig. S2D ) that unfolded a polypeptide stretch of ΔL i =77.5±4.7 aa (~28 nm) (Fig. 3C ). This is typical for the unfolding of Ig27 (39) (40) (41) (42) . Observing the unfolding of at least four Ig27 domains (marked "*" in Fig.  3B ) in a F-D curve proofed the stretching of the "sandwiched" hTau40. The interactions recorded upon stretching of sandwiched hTau40 (marked "o" in Fig. 3B ) ruptured mostly before the first Ig27 at various positions and forces. However, because interactions in hTau40 ruptured at forces (~50 to 300 pN) similar to Ig27 (~150 to 250 pN), some hTau40 interactions unfolded between and after the unfolding force peaks of Ig27. The most probable lengths of unfolded polypeptide stretches, ΔL i , were determined as ΔL i 1=17.9±7.9 aa and ΔL i 2=38.4±17.5 (n=69) aa for sandwiched hTau40, and as ΔL i 1=18.8±5.9 aa and ΔL i 2=41.1±9.2 aa (n=227) for isolated hTau40 (Fig. 3C ). This similarity of hTau40 interactions detected in (Ig27) 3 -hTau40-(Ig27) 2 and of isolated hTau40 indicated their specificity for the stretching of individual hTau40 molecules.
Whereas interactions stabilizing the folding of >100 aa long polypeptide stretches revealed diverse force patterns, the three reproducible rupture peaks p1, p2, and p3 at ~19, ~42 and ~73 aa stabilized three folds fold1, fold2 and fold3 of ~19, ~19 and ~25 aa long polypeptide segments, respectively (Supplemental Fig. S1F ). In the next step we aimed to localize these interactions.
Intramolecular interactions predominantly fold the repeat domain. To structurally dissect the interactions of hTau40, we separately stretched the repeat domain construct K18 (130 aa) and the Nterminal part Nt40 (254 aa) of hTau40 (Fig. 1A) . About 80% of the K18 molecules (n=375; Supplemental Fig. S3D-F) showed similar force peak patterns as hTau40 (Fig. 2B) . However, the probability to detect these interactions decreased from 52% in hTau40 to 21% in K18 for p1, from 34% to 29% for p2, and from 14% to 10% for p3 (Supplemental Table S1 ). In K18, these interactions ruptured at forces of 142.1±87.6 pN (p1), 112.4±91.5 pN (p2), and 46.5±34.2 pN (p3) (Supplemental Table S2 ). Rupture peaks of K18 detected at ΔL C >120 aa had to be excluded from analysis because they overlapped with non-specific stylus-support interactions (43) that occur within the first 15 aa (~5 nm) of F-D curves. In contrast to K18, ~60% of Nt40 molecules (n=452) showed no force peaks (Fig. 2C, Supplemental Fig. S3A-C) . The remaining 40% F-D curves showed rupture peaks distributed over the entire contour length of Nt40 (~250 aa). In Nt40, force peaks p1, p2 and p3 were detected with much reduced probability (~8%, Supplemental Table S1 ) and strength (80.0±20.3 pN (p1), 53.8±66.6 pN (p2), 47.0±32.9 pN (p3), Supplemental Table S2 ). Interactions at ΔL C >100 aa reached forces of 33.8±9.9 pN and were detected with similar probability (0.13/molecule) as for hTau40 (0.15/molecule).
The N-terminal fragment, Nt40, established random interactions of low probability suggesting that it was largely unstructured. The pronounced force peaks p1, p2 and p3 in hTau40 and K18 suggested that fold1, fold2 and fold3 were mainly established in the repeat domain. However, when unfolding the repeat domain construct, K18, the probability to detect fold1, fold2 and fold3 decreased compared to full-length hTau40. This showed that the frequency of interactions in the repeat domain increased in presence of the termini. To further elucidate these interactions, we next stretched hTau40 in presence of the disulfide bridge between R2 and R3 (24) .
Crosslinking repeats R2 and R3 increases intramolecular interactions. The in vitro aggregation rate of Tau decreases in absence of DTT (24) . It is assumed that the Cys 291 -Cys 322 disulfide bridge between R2 and R3 (Fig. 1A) established in oxidizing conditions (no DTT) enables alternate conformations of the repeat domain that disfavor aggregation. The mechanical rupturing of a disulfide bond requires forces of 1-2 nN (44) and could be discernable from the much lower forces stabilizing the folds of Tau (Fig. 1E , Supplemental Table S2 ). In the following we probed the interactions of hTau40 in absence of DTT.
The average contour length of mechanically stretched hTau40 decreased by ~34 aa in absence of DTT (Supplemental Fig. S4E ). This suggested that the Cys 291 -Cys 322 bond has been formed (24) . The frequency of interactions substantially increased from 1.7/molecule in PBS+DTT to 2.5/molecule in absence of DTT (Fig. 2D ). Force peaks with contour lengths of ΔL C >100 aa increased ~6-fold from 0.15/molecule to 0.96/molecule in absence of DTT. The wide distribution of these force peaks suggests that reducing the Cys 291 -Cys 322 bond increased the frequency of interactions established between random polypeptide regions. The probability to detect rupture peak p1 (ΔL C ~19 aa) decreased from 52% in presence of DTT to 29% in absence of DTT, that for rupture peak p2 (~42 aa) decreased from 34% to 32%, and that for p3 (~73 aa) increased from 14% to 22% (Supplemental Table S1 ). Thus, the structural fold1 (~19 aa) of the Tau repeat region was established less frequently in presence of the disulfide bond bridging R2 and R3, whereas structural fold2 remained mainly unaffected, and fold3 occurred at slightly increased probability. Next, we characterized electrostatic interactions contributing to the folding of the Tau repeat domain.
Intramolecular interactions are partly electrostatic. At elevated electrolyte concentrations, counter ions start compensating electrostatic interactions of the polypeptide (45) . When increasing the monovalent electrolyte concentration from ~150 mM (PBS, 5 mM DTT) to ~500 mM (PBS, 5 mM DTT, 350 mM NaCl), the frequency of force peaks in hTau40 decreased from 1.7/molecule to 1.2/molecule (Fig. 2E) . Similarly, the probability to detect force peaks p1 and p2 decreased from 52% to 17% and from 34% to 16%, respectively (Supplemental Table S1 ). Decreasing the monovalent electrolyte concentration to ~50 mM (10 mM Tris-HCl pH 7.4, 5 mM DTT, 50 mM NaCl; Fig. 2F ) increased the overall frequency of force peaks from 1.7/molecule (PBS, 5 mM DTT) to 2.1/molecule, and decreased that of p1 from 52% to 31% and of p2 from 34% to 26% (Fig. 2D) , respectively. The average forces of p1 and p2 increased for both high (PBS, 5mM DTT, 350 mM NaCl) and low (10 mM Tris-HCl, 5 mM DTT, 50 mM NaCl) electrolyte concentrations (Supplemental Table S2 , Fig. S4B,C) . These results indicate that the stability of the folds detected by force peaks p1 (~19 aa) and p2 (~42 aa) partly depend on electrostatic interactions. However, the majority of interactions stabilizing these folds was not affected by the electrolyte concentration and may thus not be of electrostatic nature.
The strength of interactions at p3 and ΔL C >100 aa decreased at ~500 mM electrolyte concentrations from 129.5±51.7 pN and 107.6±47.4 pN (PBS, 5 mM DTT) to 55.7±36.4 pN and 51.7±29.5 pN, respectively (Supplemental Table S2 , Fig. S4B ). In ~50 mM NaCl, the probability to detect force peak p3 increased from 14% to 21%, that of force peaks >100 aa from 15% to 57% (Supplemental Table S1 ). This suggests that interactions forming fold3 and interactions of the termini >100 aa are largely of electrostatic nature. This finding is in agreement with NMR experiments indicating that electrostatic interactions between the N-terminus and the hTau40 repeat domain disappear at 600 mM NaCl (12) .
To specify which interactions of the repeat domain play a role during Tau oligomerization and fibrillization, we investigated mutants that favor or disfavor Tau aggregation.
Mutations promote different interactions and folds. Deleting Lys 280 of repeat R2 leads to spontaneous aggregation of hTau40ΔK280 (20) . One hydrophobic and one charged surface of the β-strand formed by the hexapeptide motif PHF6* in R2 favors fibril formation of hTau40ΔK280 (46). To avoid formation of β-strands, the anti-aggregant isoform hTau40ΔK280/PP (19, 20) was generated by exchanging Ile 277 of PHF6* and Ile 308 of PHF6 in R3 against prolines. In the following we quantified intramolecular interactions of hTau40ΔK280 and hTau40ΔK280/PP.
The distribution of force peaks in F-D curves of hTau40ΔK280 (Fig. 2G, Supplemental Fig. S5A-C) was remarkably similar to that of hTau40 ( Fig. 2A) . Peaks p1, p2, and p3 occurred at positions and probabilities similar to hTau40 (Supplemental Table  S1 ). However, compared to hTau40, the rupture force of p1 increased from 90.8±39.8 pN to 129.3±60.2 pN and that of p2 from 77.1±39.2 pN to 102.2±48.1 pN, respectively (Supplemental Table  S2 ). In contrast, the rupture force of p3 decreased from 129.8±51.7 pN to 70.3±17.7 pN, and that of force peaks at ΔL C >100 aa decreased from 107.6±47.4 pN to 74.6±21.2 pN.
In case of hTau40ΔK280/PP, peaks p1, p2, and p3 occurred at reduced probabilities compared to hTau40 and hTau40ΔK280 (Fig. 2H , Supplemental Table S1 , Fig. S5D-F) . The frequency of interactions folding long polypeptide stretches >100 aa increased from 0.15/molecule to 0.38/molecule (Supplemental Fig. S5A-C) . Two new force peaks became prominent at ΔL C of 101.3±13.5 aa and 150.6±15.0 aa (Fig. 2H) .
Mutants hTau40ΔK280 and hTau40ΔK280/PP showed the three force peaks p1, p2, and p3 at similar contour lengths as hTau40. In case of hTau40ΔK280, the interaction strength stabilizing fold1 and fold2 increased, while that stabilizing fold3 and longer peptide stretches decreased. hTau40ΔK280/PP exhibited a reduced probability of fold1, fold2, and fold3 but favored the folding of long polypeptide stretches. Two prominent folds of hTau40ΔK280/PP involved ~101 and ~151 long polypeptide stretches.
Heparin strengthens intramolecular interactions. In vitro aggregation of hTau40 can be induced in the presence of sulfated glycosaminoglycans, such as heparin (47) , or other polyanions (22) . Sulfated glycosaminoglycans were shown to enhance the phosphorylation of Tau by different kinases (48, 49) , to inhibit Tau binding to MTs, and to co-localize with hyperphosphorylated Tau in AD brain tissue (21) . To elucidate to which extend heparin-binding changes the interactions in Tau, we characterized hTau40, hTau40ΔK280, and hTau40ΔK280/PP in the presence of 0.33 mM heparin (PBS+DTT+heparin).
Stretching hTau40 and hTau40ΔK280 in presence of heparin revealed a significant increase of force peaks from 1.7/molecule (PBS+DTT) to 2.9/molecule for hTau40 (PBS+DTT+heparin; Fig.  4A , Supplemental Table S1), and from 1.3/molecule to 3.1/molecule for hTau40ΔK280 (Fig. 4C) . In presence of heparin, the force peaks were distributed over the entire contour length of hTau40 and reached rupture forces up to 1500 pN. The probability to detect force peak p1 (~19 aa) decreased in hTau40 from 52% to 22%, and in hTau40ΔK280 from 48% to 21% (Supplemental Table S1 ). In contrast, the probability to detect p3 (~73 aa) increased from 14% to 24% and from 10% to 27%, respectively. Heparin strongly increased the number of interactions detected at ΔL C >100 aa from 0.15/molecule to 1.3/molecule in hTau40 and from 0.14/molecule to 1.87/molecule in hTau40ΔK280. To proof the electrostatic nature of the heparin induced interactions, we stretched hTau40 in presence of heparin and ~500 mM monovalent electrolyte (PBS+DTT+heparin+350 mM NaCl; Fig.  3B ). 90% F-D curves of hTau40 (n=355) resembled those recorded in ~500 mM monovalent electrolyte without heparin (PBS+DTT+350 mM NaCl; Supplemental Fig. S4B ). Most force peaks with rupture forces >300 pN disappeared and the overall number of force peaks dropped from 2.9/molecule (PBS+DTT+heparin) to 1.9/molecule (PBS+DTT+ heparin+350 mM NaCl).
When stretching hTau40 and hTau40ΔK280 in presence of heparin, the rupture force distributions tailed towards high forces of ~1500 pN ( Fig. 4A,C ; insets). In contrast, the force peak pattern and the rupture forces of hTau40ΔK280/PP showed only minor deviations upon addition of heparin (Fig. 4D) .
Exposure of hTau40 and hTau40ΔK280 to heparin increased the frequency of strong electrostatic interactions established along the entire polypeptide chain. The heparin-induced decrease in force peaks that unravel short peptide stretches was similarly observed at enhanced electrolyte concentrations (PBS, 5 mM DTT, 350 mM NaCl; Fig. 2E ) and may, thus, be attributed to the ionic character of heparin.
Energy landscape of folded conformations. The force required to unfold a polypeptide depends on the applied force-loading rate (50, 51) . Quantifying the most probable unfolding forces over a range of force-loading rates enables to estimate the width and height of the free unfolding energy barrier stabilizing a folded structure. From this barrier, the kinetic and mechanical properties of the folded structure can be derived (38, 52) (Supplemental Fig.  S7A ). In the following, we determined the energy barriers of the three folds fold1, fold2, and fold3 detected by force peaks p1, p2, and p3. Therefore, we unfolded hTau40, hTau40ΔK280, and hTau40ΔK280/PP at five different pulling velocities. Fitting of the DFS spectra (Supplemental Fig. S7B-l) approximates the parameters characterizing the unfolding energy barriers (see Experimental procedures and Supplemental material).
In hTau40, the equilibrium unfolding rates, k 0 , of the structures fold1, fold2, and fold3 ranged were determined as 0.12 s -1 (fold1), 0.17 s -1 (fold2) and 0.13 s -1 (fold3). These rates slightly decreased in hTau40ΔK280 ranging from 0.05 s -1 (fold1) to 0.06 s -1 (fold2 and fold3). Accordingly, the transition barrier heights, ΔG ‡ , varied in hTau40 between 20.2 k B T (fold2) and 20.5 k B T (fold1 and fold3), and ranged from 21.2 k B T (fold2 and fold3) to 21.5 k B T (fold1) in hTau40ΔK280 (Supplemental Table S3 ). In hTau40ΔK280/PP, the unfolding rates and barrier heights of fold1, fold2, and fold3 were similar to hTau40 and hTau40ΔK280 (Supplemental Table S3 , Fig. S7K-M) .
The distance, x u , between folded and transition state approximates the width of the unfolding energy barrier (Supplemental Fig. S7A ). Together, ΔG ‡ and x u were used to estimate the spring constants, k, and mechanical properties of the folded structures. Table S3 ), respectively.
Compared to hTau40, the three folds of the repeat domain showed a slightly increased lifetime (~1/k 0 ) in hTau40ΔK280. In hTau40ΔK280 and hTau40ΔK280/PP fold1 exhibited a higher structural rigidity, whereas fold2 and fold3 showed lower rigidity than in hTau40. Both results suggest that the deletion of Lys 280 stabilized fold1 and softened fold2 in the repeat domain of hTau40. However, the proline insertions that prevent hTau40ΔK280/PP from aggregation did not affect fold1 and fold2. In contrast, fold3 of the hTau40ΔK280/PP mutant showed a ~3-fold increased lifetime and a ~9-fold reduced rigidity (~κ), indicating a softening of fold3.
DISCUSSION
Different interaction sites contribute to order and disorder. Intrinsic disorder plays a pivotal role for the aggregation of proteins into amyloid-like structures (53) . Only ~70% of hTau40 molecules established intramolecular interactions strong enough (>10 pN) to be detected by SMFS. The force peak pattern of Tau appeared highly variable. Reproducibly occurring force peaks reflected reproducibly folded structures that correlated with the hTau40 repeat domain. Randomly distributed force peaks reflected interactions dispersed along the polypeptide. These insights confirm the IDP character of Tau, which is largely characterized by random coil-like conformations with a propensity to adopt certain residual conformations (54) .
Hierarchy of folding. The sequence in which serial interactions of a polypeptide rupture during mechanical unfolding relies on their interaction strengths (51) . Generally, weak interactions rupture before stronger ones. However, if a structure stabilized by a weak interaction is embedded in a more stable structure, the stronger interaction ruptures before the weaker one. In hTau40, interactions folding the shorter polypeptide stretches fold1 (p1, ~19 aa, ~90 pN) and fold2 (p2, ~42 aa, ~80 pN) required lower unfolding forces than unfolding the longer polypeptide stretches of fold3 (p3, ~73 aa, ~130 pN) and of >100 aa (~100 pN) (Supplemental Table S2 ). Thus, fold1 and fold2 were embedded into fold3, which was stabilized by stronger interactions (Supplemental Fig. S1F ). Force peaks detected at contour lengths >100 aa reflect interactions of the Tau termini. Our findings likely combine two current Tau folding models. One model proposes various interactions of transient small structures (6 β-strands, 2 α-helices, 3 polyproline II helices (PPII)) formed in the Tau repeats and the flanking regions, which are spaced by <50 aa (12) . The other "paper clip" model (11) describes the transient interaction of the Tau termini with the repeat domain and with each other. This "paper clip" folding of Tau involves longer polypeptide stretches of ≥100 aa.
Specific and unspecific interactions of the repeat domain. Approximately 70% of full-length Tau molecules established interactions that fold 19 aa (fold1) and 42 aa (fold2) long polypeptide stretches of the repeat domain. At high (500 mM) and low (50 mM) monovalent electrolyte concentrations, the frequency of these two characteristic folds decreased (Fig. 1E,F , Supplemental Table S1 ). The frequency of fold3 (~73 aa) decreased slightly with increasing electrolyte and increased with decreasing electrolyte concentration. This indicates that fold1, fold2, and fold3 are stabilized by electrostatic and by other interactions, e.g. hydrophobic or polar ones. Electrostatic interactions folding the repeat domain may involve negatively charged residues in R4 (Glu 338 (9) . The stability of the most frequent folds, fold1 and fold2, increased in hTau40ΔK280 and hTau40ΔK280/PP (Supplemental Table S2 ). Thus, the ΔK280 mutation strengthened fold1 and fold2, presumably through the enhanced β-strand character of PHF6* in R2. The two proline mutations of hTau40ΔK280/PP, located near the N-terminal ends of PHF6* in R2 and PHF6 in R3 (Fig. 1A) , did not affect the stability of fold1 and fold2 (Supplemental Table S2 ). However, the frequency of fold1 and fold2 decreased in hTau40ΔK280/PP, whereas that of fold3 and longer polypeptide stretches (>100 aa) increased (Supplemental Table S1 ). It may be concluded that interactions introduced by the proline substitutions stabilize protein conformations that prevent Tau aggregation, far beyond the local disruption of the β-structure in R2.
Our results indicate that interactions stabilizing fold1 and fold2 involve the PHF6* β-strand, in which the ΔK280 mutation locates and elevates the propensity to form β-stranded structures. A plausible explanation for our findings is provided by an intramolecular stacking of β-strands in repeats R2, R3, and R4 (9) . Assuming an anti-parallel stack of β-strands (Ser 285 -Gly 304 for R2 stacked with R3, Ser 316 -Gly 335 for R3 stacked with R4; Fig. 1A ), the mechanical unfolding of the repeat domain would unravel polypeptide segments having the length (ΔL i ~20 aa) of fold1 and fold2 (Supplemental Fig. S1D) . Interestingly, the rupture forces of fold1 (~90 pN) and fold2 (~70 pN) in hTau40 resemble those observed for the mechanical unzipping of antiparallel β-strands (55). However, the precise structural localization of fold1 and fold2 remains unclear. It may be possible to locate these folds by applying SMFS to Tau mutants, in which amino acid residues of the repeat domain are systematically manipulated.
N-terminal interactions prevent Tau aggregation. All full-length Tau isoforms exhibited irregularly distributed interactions that folded polypeptide stretches >100 aa ( Fig. 2A,G ,H, Supplemental Table  S1 ). Randomly distributed interactions observed for the N-terminal fragment of hTau40 are consistent with the unstructured projection of the N-terminal half of Tau when bound to MTs (56, 57) and its brush-like protrusion from Tau fibers (58, 59) . Such random-coil behavior may originate from the high charge density and low hydrophobicity of the Nterminus (60) . About 50% of "randomly established" interactions depended on electrolytes indicating that they were partly electrostatic. Similarly, electrostatic interactions established between the positively charged repeat domain and proline-rich regions, and negatively charged regions in the N-and C-termini (Fig. 1A) are thought to fold hTau40 into a "paper clip" conformation (11) . Whereas interactions of the N-and C-termini with the repeat domain inhibit Tau aggregation (61, 62) , the C-terminal truncation of hTau40, facilitated in vivo by caspase (63) , accelerates Tau aggregation (15) .
The number of dispersed interactions stabilizing polypeptide stretches >100 aa increased ~6-fold when forming the disulfide bond between repeats R2 and R3 (Fig. 2D , Supplemental Table S1 , Fig. S4D ). The most probable rupture force of these interactions decreased from ~110 pN to ~70 pN in absence of DTT (Supplemental Table S2 ). Thus, the intact disulfide bond favors Tau conformations that enhance weak unspecific interactions of the termini. Opening of the disulfide bond by addition of DTT favors intermolecular interactions that accelerate Tau aggregation in vitro (24, 64) . Accordingly, unspecific interactions of the C-and N-termini, that prevent hTau40 from aggregation, increased in absence of DTT. Similarly, the formation of such unspecific interactions was supported at elevated electrolyte concentrations of 500 mM (Fig. 2E ) that hinder Tau aggregation (25) . Low electrolyte concentrations (50 mM), which prevent Tau molecules from binding to each other in absence of heparin (26) , increased the interactions at p3 (~73 aa) and ΔL c of ~130 aa (Fig. 2F ). These two interactions may, thus, favor conformations of soluble Tau that prevent aggregation. Similarly, the frequency of unspecific interactions stabilizing polypeptide stretches >100 aa was ~2-fold increased in the anti-aggregant mutant hTau40ΔK280/PP compared to wild-type and pro-aggregant mutant Tau.
Our data support a mechanistic model in which unspecific weak electrostatic interactions stabilize a variety of protein conformations that prevent Tau from aggregating (Fig. 5A) . In conditions that disfavor aggregation, Tau establishes specific short (≤40 aa) and unspecific long (>100 aa) polypeptide folds. The balance of these interactions stabilizing short and long polypeptide stretches changes in conditions that favor Tau aggregation. At aggregation conditions, interactions stabilizing long polypeptide stretches are reduced and interactions stabilizing the repeat domain dominate. This mechanism shows the complexity of interactions guiding the (mal)function of Tau. It remains to be shown whether such balance of intramolecular interactions folding different polypeptide stretches resembles a general mechanism for regulating the misfolding and aggregation of amyloidogenic IDPs (65) (66) (67) .
Aggregation accelerator heparin changes molecular conformations of Tau. Heparin and other polyanions accelerate the in vitro aggregation of hTau40 and hTau40ΔK280 (21, 68, 69) . Heparin exposes a homogenous high density of negative charges along its sugar backbone and binds via nonspecific electrostatic interactions to proteins of opposite charges (70) . The binding sites of heparin are suggested in the Tau repeat domain and the upand downstream flanking P2 and R' regions (71, 72) , where lysine and arginine residues expose positive charges (Fig. 1A) .
SMFS showed that heparin introduces a large number of strong interactions in hTau40 and hTau40ΔK280 requiring rupture forces up to ~1500 pN (Fig. 4A,C) . These interactions were randomly distributed along the polypeptide chain of Tau and superimposed on the interactions established in absence of heparin. High electrolyte concentrations (500 mM monovalent ions) cancelled most heparininduced "high-force" interactions ( Fig. 4B) , which are thus assumed to be of electrostatic nature. Stabilization of certain molecular conformations upon substrate-binding is a common mechanism for IDPs to fulfill variable functions (73) . Because heparin catalyzes Tau aggregation into fibrils, we assume that the strong interactions established in the presence of heparin force Tau into conformations that favor the assembly of β-strand motifs in the repeat domain with those of other Tau molecules. This model of heparin-induced Tau aggregation is based on conformational restrictions of monomeric Tau, regardless of the a priori aggregation propensity of the Tau isoform. It also applies to the pro-aggregant mutant hTau40ΔK280 and explains the elevated aggregation speed of hTau40ΔK280 in presence of heparin.
The interactions of the anti-aggregant mutant hTauΔK280/PP did not change in presence of heparin. We conclude that the proline mutations prevented heparin to establish strong interactions with hTauΔK280/PP (Fig. 5B ). This agrees with the finding that heparin fails to induce aggregation of hTau40ΔK280/PP (19) . Apparently, both β-strand breaking proline substitutions (Fig. 1A) efficiently suppress interactions between repeat domains of two adjacent hTau40ΔK280/PP molecules, which is essential for aggregation (20) .
The unfolding energy landscape of Tau. DFS experiments can describe the unfolding free energy barriers stabilizing a folded protein. The sequence of all rupture events in a F-D curve describes the unfolding barriers taken by the protein funneling along the unfolding energy landscape (74) . We observed that Tau establishes multiple combinations of interactions that stabilize different unfolding intermediates. The three force peaks at p1, p2, and p3, which quantify the interactions stabilizing the three folds fold1, fold2, and fold3, occurred independently of each other (Supplemental material and Fig. S6 ). Tau can thus unfold via one, two, or all three of these unfolding intermediates (Fig. 5) . These prominent unfolding intermediates were superimposed by highly variable interactions of the termini that folded long polypeptide stretches of >100 aa and induced a heterogeneous set of conformations. Such highly dispersed interactions of low probability introduce many energy wells into the unfolding energy landscape. Each of these wells potentially traps a conformational sub-state of Tau. At conditions that disfavor aggregation in vitro, such as elevated electrolyte concentrations and absence of DTT, these interactions became more frequent resulting in a rugged unfolding energy landscape of Tau.
Similarly, the anti-aggregant mutant hTau40ΔK280/PP strongly increased the frequency of interactions stabilizing longer polypeptide stretches. Thus, this mutant exhibits a rougher energy landscape surface with an increased number of energy wells compared to hTau40. We conclude that interactions folding long polypeptide stretches create energy wells that trap Tau conformations which prevent aggregation. In contrast, the proaggregant mutant hTau40ΔK280 strengthened and favored interactions stabilizing the folds of the repeat domain but did not alter interactions folding longer polypeptide stretches. Interactions that fold the repeat domain, thus, appear to stabilize Tau conformations that promote aggregation.
Heparin introduced numerous strong electrostatic interactions in both hTau40 and hTau40ΔK280. These interactions occurred in addition to the ones folding the repeat domain and the termini in absence of heparin. We assume that heparin-induced interactions promote Tau aggregation by stabilizing conformations that favor interactions between the hexapeptide motifs PHF6* and PHF6 in the repeat domains of adjacent Tau molecules. Being kinetically trapped in such aggregation prone conformations would substantially increase the probability for intermolecular interactions of Tau and, thus, initiate aggregation. Furthermore, the conformational restriction of Tau by heparin binding may also provide better access for kinases to the phosphorylation sites in Tau. This would explain the heparin-induced increase in phosphorylation and the co-localization of heparin with hyperphosphorylated Tau in vivo (21, 48, 49) .
stretched by the AFM cantilever (probe) until their connection to the tip or the glass (grey closed circles in B-D) ruptured. Tau consists of unstructured protein regions (black lines) with intramolecular interactions (green and yellow filled circles) that fold peptide stretches of different lengths (yellow and green lines). Recording deflection and distance of the cantilever during consecutive approach-retract cycles provides force-distance (F-D) curves of single Tau molecules. C. Stretching of a molecule having no intramolecular interactions results in a F-D curve that shows one major "detachment peak" at the contour length, L C , of the fully extended molecule. D. Intramolecular interactions (green and yellow filled circles) can establish force barriers that are detected as additional "force peaks" in the F-D curve. For every additional force peak, the contour length relative to the detachment peak, ∆L C , and the rupture force was derived. The distance to the next rupture peak, ∆L i, in an F-D curve gives the length of the polypeptide stretch that unravels upon breaking an interaction. E. F-D curves recorded upon stretching single hTau40 molecules in PBS containing 5 mM DTT. The curves show a major detachment peak at the contour length of the Tau molecule (1 aa ≈ 0.36 nm) plus smaller force peaks at shorter contour lengths (open black cycles) originating from intramolecular interactions. Fig. 2 . ΔL C distribution of rupture peaks in hTau40, repeat domain construct K18, N-terminal fragment Nt40, and the mutant proteins hTau40ΔK280 and hTau40ΔK280/PP. Contour lengths relative to the detachment peak, ΔL C , at which interactions were detected upon mechanically stretching hTau40 (A), K18 (B), and Nt40 (C) molecules in PBS containing 5 mM DTT. The most probable positions of rupture peaks were determined for each condition and construct from triple-Gaussian fits (solid lines in A-H) to the ΔL C distributions. For hTau40 in PBS/DTT (A), the most probable rupture peak positions were determined at p1 ~19 aa, p2 ~42 aa, and p3 ~73 aa. (D) Contour lengths detected in hTau40 upon stretching in absence of DTT (pure PBS), (E) in buffer of 500 mM ionic strength (PBS/DTT+ 350 mM NaCl), and (F) in buffer of ~50 mM ionic strength (Tris + 50 mM NaCl). (G) Contour lengths in the pro-aggregant mutant hTau40ΔK280 and (H) the anti-aggregant mutant hTau40ΔK280/PP upon stretching in PBS + 5 mM DTT. The most probable positions of rupture peaks were determined from Gaussian fits (black lines) to the ΔL C distributions as p1 ~20 aa, p2 ~43 aa, and p3 ~76 aa for hTau40ΔK280 (G) , and as p1 ~16 aa, p2 ~42 aa, p3 ~77 aa, p4 ~101 aa, and p5 ~151 aa for hTau40ΔK280/PP (H) (Supplemental Table S1 ). n, gives the number of analyzed F-D curves. Fig. 3 . SMFS of the (Ig27) 3 -hTau40-(Ig27) 2 construct. A. Fusion protein (Ig27) 3 -hTau40-(Ig27) 2 , in which hTau40 is flanked by three N-terminal and two C-terminal Ig27 domains. The full extension of hTau40 was guaranteed when detecting four or more Ig27 unfolding events in the F-D curve. B. F-D curves attained from stretching single (Ig27) 3 -hTau40-(Ig27) 2 molecules in PBS containing 5 mM DTT show a mixture of Ig27 (*) and hTau40 (°) unfolding events. C. Length distribution of unraveled polypeptide stretches, ΔL i , detected in F-D curves of (Ig27) 3 -hTau40-(Ig27) 2 (grey) resemble that detected of isolated hTau40 (black). TripleGaussian fit to the ΔL i distribution of (Ig27) 3 -hTau40-(Ig27) 2 (grey line; n=69) reveals interaction contour lengths of ΔL i 1 ~18 aa and ΔL i 2 ~38 aa of the sandwiched hTau40, plus the characteristic contour length of the Ig27 domains of ~78 aa. A double Gaussian fit to the ΔL i -distribution determined for hTau40 only (black line; n=223) reveals most probable ΔL i of ΔL i 1 ~19 aa and ΔL i 2 ~41 aa. n, gives the number of analyzed F-D curves. Table 1   Table 1 . Interrelation of aggregation propensities and interactions for hTau40 in different buffer conditions, hTau40 constructs, and pro-and anti-aggregant mutants of hTau40. Interaction frequencies determined by SMFS for hTau40 in PBS/DTT were taken as reference values to indicate the increase (arrows pointing upwards) and decrease (arrows pointing downwards) of interaction frequencies. The number of arrows depicts the amount of increase and decrease ("0" indicates no aggregation, "=" 0-20% indicates in-/decrease, one arrow indicates 21-100% in-/decrease, two arrows indicate 101-500% in-/decrease, three arrows indicate >500% in-/decrease). Changes of interactions in presence of 0.33 mM heparin ( o ) are given in respect to the Tau isoform in absence of heparin (high-force interactions in presence of heparin are marked " # "). Figure 1 by guest on November 19, 2017 
